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Abstract. We report detailed 17 0, 139 La, and 63 ' 65 Cu Nuclear Magnetic Reso- 
>-*H, nance (NMR) and Nuclear Quadrupole Resonance (NQR) measurements in a 

stripe ordered Lai.87sBao.i25Cu04 single crystal and in oriented powder samples 
of Lai.8- a: Euo.2Sr I :Cu04. We observe a partial wipeout of the 17 NMR intensity 
and a simultaneous drop of the 17 electric field gradient (EFG) at low temper- 
atures where the spin stripe order sets in. In contrast, the 63 ' 65 Cu intensity is 
completely wiped out at the same temperature. The drop of the 17 quadrupole 
i-rt , frequency is compatible with a charge stripe order. The 17 spin lattice relaxation 

rate shows a peak similar to that of the 139 La, which is of magnetic origin. This 
Q ' peak is doping dependent and is maximal at x ~ 1/8. 

1 Introduction 

>' 
Q\ ' The high temperature superconducting cuprates (HTSC) are well known for their unusual mag- 

C*~) . netic and electronic normal state properties. Many of these properties are believed to play an 

important role in the mechanism of high temperature superconductivity The intrinsic inho- 
mogeneous distribution of charges and spins in the Cu02 planes of the HTSC's is a particular 

f~^. ■ phenomenon that has attracted widespread attention. The discovery of the anomalous sup- 

pression of superconductivity in La2- x Ba x Cu04 with x = 1/8, and in rare-earth co-doped 
La2- a; -yRE a Sr a ;Cu04 suggests that the inhomogeneity is not random in these materials, but 
that the charges collect into one-dimensional stripes that are separated by hole poor, anti- 
ferromagnetically (AF) ordered regions. Evidence for such a charge order has been found by 
diffraction techniques such as Neutron scattering [11213] and x-ray diffraction J4I5I6I7I8I9] , A 

/\ ' recent combined Angle Resolved Photo Emission Spectroscopy (ARPES) and Scanning Tun- 

neling Microscopy (STM) study is consistent with these results [TU]. More indirect methods 
such as optical conductivity and transport and magnetization properties also show anomalous 
effects at the onset temperature of charge order |llll2U3fTl] . 

Nuclear Magnetic Resonance is a local probe and can therefore not directly distinguish 
a stripe order from a random or other spin-charge orders. But there are many NMR stud- 
ies that provide (i) evidence for inhomogencitics in the Cu02 planes |15I16I17I18| . and (ii) 
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evidence for slowly fluctuating electronic spins that mark the onset of the spin stripe order 
[19I20I21I22I23I24I16] . for a review see Ref. [23] and [25]. In this article we report 17 and 139 La 
NMR, and 63 ' 65 Cu NQR results on stripe ordered Lai.875Ba .i25CuO4 (LBCO), and compare 
these results with measurements on Lai.s_ a; Euo.2Sr :E Cu04 (LESCO). Our primary result is the 
discovery that the planar oxygen EFG, v c , becomes temperature dependent at low temperatures 
where the stripe order as determined by other methods sets in. At the same temperature, the 
intensity of the planar oxygen signal is partially wiped out, and the intensity of the Cu NQR 
signal is completely lost. These effects arc possibly due to different couplings of the Cu and O 
nuclei to the electronic spin system, and the results presented here directly tie in with the results 
on Lai.8- a: Euo.2Sr 2 ;Cu04 presented in a previous article |16j . Furthermore, we show here that 
we can distinguish the apical and the planar oxygen spectra at higher temperatures. We have 
measured the spectra with different repetition times and different orientations of the external 
magnetic field, and find that at low temperatures a signal with a reduced EFG remains. Due to 
intensity arguments and the fact that the quadrupolc frequency of the apical oxygen is higher 
than that of the planar oxygen at high temperatures, we relate the decrease of the quadrupole 
frequency at low temperatures to the planar oxygen spectra. In addition, we have measured 
the spin lattice relaxation rate, T^ 1 , of the oxygen and the lanthanum. At low temperatures, 
T^ 1 of both 139 La and 17 shows a peak that is due to the slowing down of electronic spin 
fluctuations. The peak occurs at the same temperatures for lanthanum and oxygen, confirming 
the magnetic origin of the peak, and shows a pronounced doping dependence: it is maximal 
and occurs at higher temperatures for x sa 1/8. For higher dopings, the amplitude of the peak 
is lower, and it occurs at lower temperatures. For lower dopings, the peak is of the same height 
as for x w 1/8, but occurs at lower temperatures. 



2 Experiment 

We have measured a single crystal of LBCO with a Ba content of x — 0.125. The sample 
preparation is described elsewhere [3]- For the 17 NMR measurements the crystal was enriched 
by annealing in 17 02 gas at different temperatures. The first enrichment at 850 °C changed 
the oxygen content of the crystal so that it became superconducting at low temperatures. The 
superconductivity was observed in a SQUID magnetometer by measuring the susceptibility in 
an external field of 20 G. The temperature dependence of the susceptibility is shown in Fig. 
[U The same crystal also exhibited no temperature dependence of the electric field gradient 
(EFG), as measured by 17 NMR, suggesting that the charge deficiency introduced by the 
oxygen defects created at 850 °C not only gave rise to the superconductivity, but destroyed the 
static inhomogencous charge ordering. The crystal was then annealed again at a temperature 
of 400 °C in 17 02 atmosphere. Eventually, only traces of superconductivity could be observed 
at temperatures below 4 K. As we see below this sample showed characteristic effects of the 
stripe order in the NMR measurements. 

Zero-field Cu NQR was measured in LBCO and LESCO, x = 0.13, to check the Cu wipeout. 
The Cu NQR frequency spectra were obtained by integration of Cu nuclear spin echoes with 
changing the frequency. 

The 17 NMR spectra were taken at a fixed frequency of / = 53.124 MHz by sweeping 
the magnetic field. We used a standard Hahn-Echo sequence, and integrated the echo at each 
field step. A tuned NMR/NQR circuit with an almost temperature independent low quality 
factor Q similar to that in Ref. [2S] was used to minimize the influence of Q on the spec- 
tral intensity /nmr- The measurements on the LaLs-ajEuo^SrsCuO,! were done on the same 
aligned polycrystals that were used in our previous study [TB], with Sr contents x = 0.08, 0.105, 
0.13, 0.17, and 0.2. The resonance field of each transition at fixed frequency / is given by 
jH n = (/ — n ■ v c )/(l + K c ) , where n = -2, -1, 0, 1, or 2, and K c is the Knight shift. The spec- 
tra were fit to Lorentzian distributions centered at the H n with widths a = ycrfn + (n ■ <J q ) 2 , 
where a m is the magnetic linewidth and oq the quadrupolar linewidth caused by the distri- 
bution of v c . The spin lattice relaxation rate, T^~ , of the 17 and the 139 La was measured by 
inversion recovery, where an additional 7r pulse is applied at a delay time t before the usual 
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Fig. 1. (Color online) Zero-field-cooled (ZFC) susceptibility of Lai.g75Bao.i25Cu04 single crystal mea- 
sured at 20 G and H||c. (□) measured as is after preparation, (o) after heating in 16 02 atmosphere 
at 850 °C for 96 h, (A) after heating in 17 02 atmosphere at 850 °C for 10 days, (V) after second and 
third heating in 17 C>2 atmosphere at 400 °C for 48 h and 96 h, respectively, (o) reproduced data from 
Fujita et al. [3] measured at 10 G. 



Halm-Echo sequence. We integrated the echo for different delay times t and fit the data to 
different expressions as described below. 

17 NMR is ideal for probing the stripe order in the cuprates, because the oxygen nucleus 
has a spin of I = 5/2, and a quadrupole moment of -2.558 barn. The nuclear spin interacts with 
the electronic spins and orbital moments of the Cu and O orbitals, whereas the quadrupole 
moment interacts with the EFG of the crystal. The quadrupolar interaction acts to split the 
5/2 multiplct into five different lines separated by v c , where v c = 3eQV cc /2I(2I — l)h is a 
measure of the EFG at the O site, V cc = d 2 V/dxj. is the cc component of the EFG tensor, 
e is the electron charge and h is Planck's constant. The EFG has two contributions: a lattice 
component, and an on-site component arising from partially unoccupied orbitals. For example, 
a hole in the planar oxygen p orbital (2p 5 configuration) gives a substantial contribution to the 
EFG, whereas an isotropic distribution of charge (2p e configuration) produces no EFG at the 
oxygen nucleus. [27I28J The EFG of the lattice comes from distant ions and their deforming 
effect on closed shells. This lattice contribution does not depend on doping. Therefore, it has 
been found that v c , is directly proportional to the hole doping, nh, in Lao_^ Sr^ CuOu . [28] We 
find a similar trend in Lai.8-xEuo.2Sr K Cu04 at high temperatures [TS] . where additional Eu 
doping does not change the slope of v c versus x, and we infer that a similar relationship exists 
for LBCO as well. 



3 Results and Discussion 



3.1 17 NMR spectra of Lai 875 Ba .i25CuO4 and EFG 



There are two oxygen sites in lanthanum cuprates, the planar and the apical sites. The planar 
site is located within the Cu02 planes directly between two copper atoms. In general, the hy- 
pcrfinc coupling of a nucleus to the electronic spins depends on the wavevector. In the cuprates, 
the hyperfine field of antiferromagnetic fluctuations cancels at the oxygen, but is maximal for 
the copper [29]. The oxygen spin lattice relaxation is therefore damped at the AF wavevector 
Qaf — ("7T /a, 7r/a), and measures predominantly the susceptibility at q = 0. On the other hand, 
the apical oxygen is coupled only weakly to the electronic spins of the Cu02 planes through the 
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Cu 3d3 Z 2_ r 2 orbital, since it is located outside the planes. Therefore, the spin lattice relaxation 
time of these oxygen sites is much longer than that of the planar ones. This effect has been used 
to saturate the NMR signal of the apical oxygen by a fast repetition time of the pulse sequence 
of an NMR experiment [30] ■ Fig. [5] shows temperature dependent field sweeped spectra of the 
planar and apical oxygen measured with the external magnetic field parallel to the c axis of 
the single crystal. Two spectra are shown at each temperature, one with a repetition time of 
40 ms, and one with a repetition time of 500 ms. The spectra with the fast repetition rate are 
dominated by the signal of the planar oxygen, whereas the apical signal is suppressed by the 
fast repetition. The spectra measured with a long repetition time of 500 ms clearly contain both 
signals at high temperatures. At low temperatures, the situation is more complicated, since the 
spectra broaden. Moreover, the difference in intensity between the spectra at 30 and 20 K mea- 
sured with long and short repetition times is not as big as at high and very low temperatures 
(4.2 K), possibly due to a faster relaxation of the apical in this temperature range similar to 
the 139 La (see below). However, to determine the EFG of the slow and fast relaxing signals, we 
have subtracted the spectra measured with the fast repetition time from the spectra measured 
with the long repetition time, and fit the resulting spectra to five Lorentzian lines. This way, 
we obtain two data sets for the EFG: one from a fit of the spectra with 40 ms repetition time 
which we attribute to the planar site, and one from a fit of the subtracted spectra, which we 
attribute to the apical site. The data is shown in Fig. [3] 

At high temperatures above 60 K, the EFG of the apical oxygen is slightly higher than that 
of the planar oxygen. Between 60 K and 40 K, the planar EFG drops about 4 %, and stays 
constant at lower temperatures. The apical EFG also seems to drop below 60 K, though it 
increases at 4.2 K again. Note that the apical and planar spectra overlap at 30 and 20 K and 
that it is therefore difficult to clearly distinguish the two. However, the fact that the apical EFG 
is as high as that of the planar one at high temperatures rules out the scenario in which the 
measured temperature dependence of the EFG is caused by a complete wipeout of the planar 
signal. In this case, the apical EFG must be temperature dependent, too, which can be ruled 
out from the measurements in LESCO (see below). 



3.2 17 NMR intensity, EFG, and 63 65 Cu NQR intensity 

We now turn to a comparison of the oxygen EFG with the integrated intensity of the oxygen 
and the 63 ' 65 Cu NQR spectral intensity. Figure @] shows the EFG plotted together with the 
corrected intensities of the oxygen and Cu NQR. In principle, these quantities should be tem- 
perature independent, yet between 60 and 40 K they all change strongly. The Cu NQR intensity 
completely vanishes, and the 17 NMR intensity drops only about 50 %. The EFG drops at the 
same temperature by approximately 4%. The wipeout of the Cu intensity is due to the slowing 
down of the Cu electronic spins in the stripe order. When the Cu electronic spins reach the 
Larmor frequency of the Cu nuclear spins, they induce transitions in the nuclear spin system 
so that the Cu nuclei relax before they can be measured. This effect is well known and has 
been widely discussed in the literature |20I21I22I23J . The situation at the planar oxygen site is 
different. Since the oxygen is located in between two Cu atoms, the hypcrfinc coupling depends 
on the wavevector, as discussed above. Here, antiferromagnctic fluctuations of the Cu spins 
cancel at the oxygen. In a simple stripe picture, the oxygens in the antiferromagnetic ordered 
regions are not affected by the Cu electronic spin fluctuations, and are consequently not wiped 
out. In the hole-rich stripes, however, the hyperfine field at the oxygen does not cancel, if there 
is a hole on one of the copper atoms neighboring the oxygen, and a spin on the other one. In 
this case, the oxygen indeed experiences a slowly fluctuating hyperfine field from the Cu spins, 
and its signal is wiped out. Since these missing oxygen sites are exactly those that couple to 
a larger hole concentration, n/j, associated with the charge stripes, the measured EFG of the 
remaining oxygens will decrease. In other words, the only oxygen sites that remain visible are 
those distant from the charge stripes, in the antiferromagnctic regions. 

Let us finally assume a scenario, where the planar oxygen is subjected to a complete wipeout, 
and the remaining signal comes only from the apical oxygen. Then the relaxation of the apical 
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Fig. 2. (Color online) Field sweeped 17 NMR spectra of Lai.875Bao.i25Cu04 with the external mag- 
netic field parallel to the crystal c axis taken at a fixed frequency of 53.124 MHz. The grey (online red) 
lines are obtained with a repetition time of 40 ms whereas the black lines are obtained with 500 ms. 
Therefore, the grey (online red) lines are dominated by the signal of the planar oxygen, whereas the 
apical signal is suppressed by the fast repetition time. The black lines contain both, apical and planar 
oxygen. The apical peaks are indicated by arrows. At high temperatures one can clearly distinguish 
between apical and planar oxygen. 
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Fig. 3. (color online) EFG, u c , of the oxygen in Lai.g75Bao.i25Cu04. The black squares are from fits 
of spectra taken with a fast repetition time, i.e. this is the EFG of the planar oxygen. The grey (color 
online red) bullets are from fits of the subtracted spectra (see text), i.e. this data shows predominantly 
the EFG of the apical oxygen. The lines are the average of the black squares for temperatures > 60 K 
and < 40 K, respectively. 
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Fig. 4. (color online) Integrated and corrected intensity of the oxygen spectra and the EFG of the 
oxygen obtained in Lai.g75Bao.i25Cu04. The wipeout of the 63 Cu NQR intensity is also shown. 



oxygen must increase dramatically below 60 K, and the intensity of the apical oxygen must 
drop by ~ 50%, too. 



3.3 Comparison to LESCO 



To compare the data obtained in LBCO with LESCO, we have measured the LESCO samples 
with x = 0.08, x = 0.13, and x = 0.2 again, and confirm our previously published data [IB] . 
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Fig. 5. (Color online) Integrated and corrected intensity of the oxygen spectra and the EFG of the 
oxygen obtained in Lai.g7Euo.2Sro.i3Cu04. The wipeout of the 63 Cu NQR intensity is also shown. 



The new data for x = 0.13 are shown in Fig. [5] In comparison to LBCO the drop of v c and of 
the intensities of the oxygen and the copper develops more smoothly. This may be due to the 
different phase transition temperatures from LTO to LTT that is 135 K in LESCO and 54 K 
in LBCO. However. v c and the intensities drop between 80 and 20 K in LESCO with x = 0.13. 
Surprisingly, v c in LESCO is suppressed by ~ 12 %, whereas in LBCO v c is suppressed by only 
~ 4 %. We do not understand why the absolute value of the change in v c should differ between 
these compounds, but speculate that the origin of the discrepancy lies in the details of how the 
charge inhomogeneity is pinned in each system. 

Figure [6] (a) to (c) show spectra for x — 0.08, x — 0.13, and x = 0.2 measured with a 
long and a short repetition time similar to those spectra for LBCO in Fig. [5J The apical and 
planar oxygens are clearly distinguishable, especially for x=0.20, because for this sample the 
difference in the quadrupole frequency of the apical and the planar sites is largest. Note, that 
for the higher dopings there is a substantial asymmetry in the spectra of the planar oxygen 
that has been observed in LSCO, too [17]. This asymmetry comes from a distribution and 
correlation of the Knight shift and the quadrupole frequency that both depend on the hole 
doping. In contrast, it seems that the apical oxygen spectra do not exhibit such an asymmetry. 
Fits of these spectra give the quadrupole frequencies versus Sr and Ba doping that are shown 
in Fig. [7J While for LBCO the apical quadrupole frequency is slightly bigger than the planar 
one, for LESCO the apical quadrupole frequency is always smaller than the planar one. Also, 
in LESCO the quadrupole frequency of the apical oxygen is not doping dependent in contrast 
to the planar one [16| . Both the planar and apical quadrupole frequencies do not change at the 
low temperature orthorhombic (LTO) to low temperature tetragonal (LTT) structural phase 
transition that occurs in LESCO already at ~ 135 K. Therefore, a change of the quadrupole 
frequency caused by the structural phase transition can also be ruled out. 



3.4 Spin lattice relaxation of 17 and 

Lai.8_xEuo.2Sr x Cu04 



L",!> 



La in Lai. 875 Bao.i25Cu04 and 



We have measured the spin lattice relaxation rates for 17 and 139 La in Lai.875Bao.i2sCu04 and 
Lai. 8 -xEu .2Sr x CuO 4 for x = 0.08, 0.13, and 0.20 (x = 0.105 and x = 0.17 are not shown). The 
data are shown in Fig. [5] To ensure that we have measured the relaxation of the planar without 
contributions of the apical, we have measured T\ at the peak of the planar, and integrated 
only the high frequency part of the Fourier transformed signal. At low temperatures below 50 
K we can of course not exclude small contributions of the apical. At high temperatures, the 
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Fig. 6. (Color online) (a) to (c): 17 NMR spectra for x = 0.08, x = 0.13, and x = 0.2. The black 
lines have been measured with a long repetition time of 500 ms, and the grey (online red) lines with a 
short repetition time of 40 ms. 
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Fig. 7. (Color online) Quadrupole frequencies v c for apical and planar oxygen in LESCO and LBCO 
versus doping x (Sr or Ba). The planar v c 's for LESCO are from |16| . The solid line is given by a + bx, 
with a = 0.142 MHz, and b = 0.538 MHz. 
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relaxation of the oxygen in Lai.s-zEuo^Sr-rCuC^ and Lai.875Bao.i25Cu04 is comparable to 
that in superconducting I^-zSr^CuC^ for similar doping levels. Most apparent in the data is 
a broad peak at low temperatures in both the oxygen and the lanthanum relaxation rates. For 
the lanthanum such a peak has been observed previously |20I21I22I23I31I32I33I34I35J . and has 
been related to enhanced magnetic fluctuations of the Cu electronic spins in the stripe ground 
state, and maybe related to glassy magnetic order. Such a peak occurs, when the correlation 
time, r, of the local fluctuating hypcrfinc field, ho, increases with decreasing temperature, and 
at some point reaches the Larmor frequency: 1/t = w^. At this point, the spin lattice relaxation 
rate given by 1/Ti = 7 2 ft, 2 l 2r/(l + w^t 2 ) goes through a maximum [55] . 

The peak in the oxygen relaxation rate occurs at the same temperature as the 139 La T^ 
peak, suggesting that it is induced by the same mechanism. Surprisingly, the magnitude of 
the peak in the oxygen relaxation rate is lower than that of the lanthanum T^ . If this peak 
arises from the apical oxygen, then we would expect a higher relaxation rate than that of the 
lanthanum since the hyperfine coupling of the apical is greater than that of the lanthanum, 
and the gyromagnetic ratios of both nuclei are similar ( 139 7 = 6.014 MHz/T, and 17 7 = 5.7719 
MHz/T). 

However, to compare the different relaxation rates we have to fit the data consistently. For 
the lanthanum, we have used the standard expression for magnetic relaxation for spin I = 7/2 
with a single T\ at high temperatures. In order to be consistent with previous authors 120131133] . 
we have fit the data to a stretched exponential form at low temperatures: M(i) = M$ ■ [1 — 
2exp(£/Ti) A ], where Mq is the equilibrium magnetization, and A is the critical exponent [37I38J . 
Such a stretched exponential form is often used when a distribution of nuclear spin-lattice 
relaxation rates appears. The critical exponent, A is shown in Fig. [5] The transition temperature 
from high to low temperatures, i.e. from multi-exponential to stretched exponential, depends in 
our case on the individual sample and on the doping level: in Lai.s-ajEuo^Sr^CuC^ for example 
the increase of 139 Tf : starts below T ~ 60 K for x = 0.13, but only below T ~ 25 K for 
x = 0.08 and x — 0.20. By fitting the data to the stretched exponential form we are able to 
compare the 139 La T^ 1 to other published data [20131133] . 

For the oxygen we have fitted the high temperature data to the standard expression for 
magnetic relaxation for spin 7 = 5/2 with a single T±. This way we can compare our data with 
superconducting I^-^Sr^CuC^ at these temperatures. At low temperatures we have fitted the 
data to the same stretched exponential that we used for the 139 La to compare the absolute 
values of the 139 La and the 17 0. The fits of the magnetization recovery of the oxygen are 
shown in Fig. (TUlfor 293 K, 150 K, and 40 K. At high temperatures the data is well fitted by 
the standard expression with a single T\. At 40 K only the stretched exponential fit gives a 
reasonable result. The 139 La T^ 1 at the peak at ~ 40 K is roughly twice that of the oxygen (Fig. 
|5]). We emphasize that we have fitted the low temperature data also to other expressions, but 
always get higher values for T^~ for the lanthanum than for the oxygen. For example we took the 
multi-exponential magnetic relaxation function, <f>(t/Tx), for the particular nuclear transition 
for a single T\ component, and made it a stretched function: 4>((t/Ti) x ). The result is basically 
the same, i.e. the 139 T 1 _1 peak is higher than the 17 T 1 " 1 peak, but the absolute values were 
lower so that we could not compare our 139 J 1 " 1 data to other published data. The uncertainties 
of the fits and of the indistinguishable planar and apical oxygen prevent us from a quantitative 
analysis of the spin lattice relaxation rate. In fact, the peak in the oxygen spin lattice relaxation 
rate can be assigned tentatively to contributions from the apical oxygen. As shown in Fig. [2] for 
Lai.875Bao.i25Cu04 at around 30 K there is almost no slowly relaxing signal, i.e. the relaxation 
rate of the apical oxygen is faster at this temperature. This would rather explain the appearance 
of a peak, since the signal of the planar oxygen is partly wiped out, and for the rest of the 
planar oxygen the hyperfine field should cancel because of the antiferromagnetic order. On the 
other hand, as discussed above, the peak in the relaxation rate is smaller for the oxygen than 
for the lanthanum, though the coupling of the lanthanum should be weaker than the coupling 
of the planar or apical oxygen. However, at higher doping levels (x = 0.17 and x = 0.20) the 
peak in T x ~ is broad and of moderate height and occurs at low temperatures. For x close to 
optimally doping (x = 0.13 and Lai.875Bao.i25Cu04) the peak is still broad, but occurs at 
higher temperatures and is higher than the peak of the overdoped samples. For the underdoped 
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Fig. 8. (Color online) Spin lattice relaxation rate T-j - measured at the planar 17 and the at the 
139 La for LBCO and LESCO with different Sr contents. The peak occurs in every sample at the same 
temperature for 17 and 139 La suggesting the same magnetic origin of the peak. 



sample with x =0.105 the peak becomes sharper, occurs at somewhat lower temperatures, and 
is not as high. And finally for x = 0.08 the peak occurs at even lower temperature and is very 
sharp, but has gained height and is slightly higher than the peak at optimally doping. Our 
results are comparable to other published 139 La relaxation data in Lai.8_2;Euo.2Sr x Cu04 [23] . 
From these observations we conclude that (1) the fluctuating hyperfinc field, ho, that induces 
the peak is maximal in the underdoped sample with x = 0.08, and decreases at x =0.105 doping. 
At x w 1/8 doping, ho increases again before it finally decreases in the overdoped regime. (2) 
The width of the peak and therefore the distribution of fluctuating hypcrfine fields is maximal 
at around l/8th doping, suggesting that the inhomogeneous distribution of spins and holes in 
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Fig. 9. (Color online) Critical exponent, A, versus temperature for Lai.87sBao.i25Cu04 measured by 
17 (■) and 139 La NMR (o). 139 La data for Lai. 8 8Sr .i 2 CuO4 reproduced from [35] is indicated by A. 
The arrows mark the temperature of the maximum of the peak of the spin lattice relaxation rate. 



the copper oxide planes is maximal in this doping regime. At higher doping levels the peak is 
still quite broad, whereas the width decreases for lower dopings. (3) As can be seen in Fig. QTJ 
the temperature dependence of the maximum of the peak follows the well known trend that has 
been obtained by /iSR [33] ■ Note that the position of the peak is frequency dependent |33I34| . 
We have measured the 139 La relaxation in a field of 7.0494 T, and the oxygen relaxation in a 
field of 7.444 T for the LESCO samples. This gives a measurement frequency of 42.294 MHz for 
lanthanum and 43.00 MHz for oxygen. For Lai.875Bao.i25Cu04 we have used a magnetic field of 
9.2 T for both, lanthanum and oxygen. This gives measurement frequencies of 55.097 MHz and 
53.11 MHz, respectively. The difference in the frequencies of TBCO and LESCO may contribute 
to the higher temperature of the peak for LBCO. The temperature dependence of the peak that 
is shown in the phase diagram is also consistent with the pressure dependence of 139 La T^ in 
LESCO x = 0.15 measured recently 241. It has been found that the peak in the La relaxation 
rate decreases in temperature with increasing pressure. The pressure releases the pinning of the 
stripes and thereby the slowing down of Cu spin fluctuations. Consequently, the peak appears 
at lower temperatures. In our case, the development of the stripe order is optimal at x sa 
1/8. At higher doping levels the pinning of the stripes may be released by additional charges 
and thereby the peak moves to lower temperatures. At lower doping levels the slowing down 
of spin fluctuations also occurs only at lower temperatures, in agreement with e.g. /jSR 39 . 
The phase diagram is also consistent with other published phase diagrams measured by 139 La 
NQR in Lai.8_ 2; Euo.2Sr a ;Cu04 [23] and neutron scattering [40]. The phase diagram deduced 
from the onset of the Cu wipeout [23118] deviates from our phase diagram at lower dopings 
(x < 0.12), where the wipeout of the Cu signal sets in already at higher temperatures. This is 
maybe due to the different hypcrfinc couplings of the Cu and the O, and due to the low hole 
concentration. We do not observe a temperature dependence of the quadrupolc frequency for 
x=0.08 in Lai.8- a; Euo.2Sr a ;Cu04 nor a wipeout of the oxygen intensity fTS] . 
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Fig. 10. (Color online) M(t) versus t for the oxygen in Lai.875Bao.i25Cu04 measured at 293 K, 150 
K, and 40 K. The black line is a fit to the stretched exponential, whereas the dashed line is a fit to 
the standard expression for magnetic relaxation. Clearly, the stretched exponential fits better at 40 K, 
whereas the standard relaxation function for spin / = 5/2 fits the data at higher temperatures. The 
data at 293 K is offset by one order of magnitude for clarity. 
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4 Conclusion 

The results presented here fit well into the proceeding evidence of inhomogeneities in the Cu02 
planes of high temperature superconducting cuprates. The drop of the EFG in LBCO concomi- 
tant with the wipeout of the intensity is compatible with a separation of holes and spins in 
LBCO similar to LESCO. We could show that the signal of the apical oxygen could be sepa- 
rated from the planar oxygen. The spin lattice relaxation rate of the oxygen and the lanthanum 
in LBCO and LESCO indicates slow fluctuations of the Cu electronic spins that occur at the 
highest temperatures close to optimal doping. 
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